Abstract -Fourier-transform infrared spectroscopy (FT-IR) was used as a rapid, simple and reliable method for quality analysis of honey. More than 1600 samples of honey were analysed using FT-IR and reference methods to develop a partial least-square regression based calibration model for the major components of honey (sugars, proline, free acids, invertase, moisture, hydroxymethylfurfural, pH and electrical conductivity). The coefficient of determination R 2 ranging from 0.84-0.98 indicates an acceptable calibration for most of the parameters. Statistical verification of the spectral analysis in routine analysis showed a high correlation (0.81-0.99), good repeatability (0.84-0.99), no environmental influences (P > 0.05) and no significant statistical differences to the reference methods. This study shows that not only chemical composition but also the physical properties can be determined by FT-IR. The calibrations can be adapted to different analytical standards and honey sources.
INTRODUCTION
The natural source of honey means that there is a broad diversity of components to be analysed. The European Community fixed the limits for the quality criteria of commercial honey in the European honey directive (Council directive 74/409/EEC, 1974) and most of them were standardized by the German Institute of Norms (DIN 10751-10759) . Almost all standard methods for determining the chemical composition and physical properties of honey are timeconsuming and expensive. Consequently, only a limited fraction of honey produced is checked using these methods. To achieve a high quality standard for honey, it is necessary to develop a new method that is simple, fast and reliable. 327 Infrared spectroscopy (Stuart, 1996) is used for analysing in various areas in the food industry (Kuchenbecker, 1997; Schindler et al., 1998) and for clinical applications (Ng and Simmons, 1999) .
Other researchers (Cho and Hong, 1998; Ha et al., 1998; Quiu et al., 1999; García-Alvarez et al., 2000) have already shown that it is possible to analyse the main sugars and moisture in honey by using near-infrared spectroscopy (NIR). Quiu and coworkers failed to determine the free acids by NIR and published no results for the physical parameters such as electrical conductivity and pH. NIR measurements are performed at wavelengths close to the visible region (800-2500 nm). At higher wavelengths the absorption increases at a given concentration. Absorption bands become defined and more specific. This means that in the mid infrared region (2500-2.5 × 10 4 nm or 400-4000 cm -1 ) more information about the ingredients of the samples can be collected and more components can be analysed. We used an FT-IR interferometer facility calibrated for analysing dairy products and wine that is available completely automated. We tried to develop new calibrations for the determination of the most important quality criteria of honey. The aim of our study was to find a new method that needs neither traditional sample preparation nor expensive or aggressive reagents so that it can be used for routine analysis.
MATERIALS AND METHODS

Honey samples
821 samples from 1999 and 886 from 2000 were mainly blossom honey and came from beekeepers in Germany. Using FT-IR, about 800 of these were analysed for calibration, the others for verification and routine analysis.
Depending on the parameter, about 1000 to 1700 of the samples were analysed using official methods as reference values for the calibration model or for verification of the FT-IR data in routine analysis.
Spectroscopic analysis
Milkoscan Ft 120 (Foss Electric, Hillerod, Denmark) uses an FT-IR interferometer in combination with a flow system. Standardisation of the instrument, filling in the honey sample and washing were performed automatically. 10 g of a honey sample was diluted prior to analysis with 50 ml S-6060 Zero Liquid (Foss Electric, Hillerod, Denmark) with the aid of a balance option of the Milkoscan Ft 120-software.
The FT-IR unit scans the infrared transmission spectrum from 926 to 5012 cm -1 . Two spectral scans were taken for each calibration sample. Figure 1 shows a plot of the entire FT-IR absorbance spectrum of a honey sample. The two water absorption areas (wave number 1543-1717 cm -1 and 2971-3627 cm -1 ) were not used for filter selection because of the strong noise of the signal. In the next step of the calculation procedure the most reliable wave numbers (15-25) for each component in this sample set were selected usually between wave number 926 cm -1 and 2971 cm -1 . This is the characteristic absorption area of most of the functional groups in infrared spectroscopy.
The stability of the FT-IR determination was ensured by analysing a standard honey sample at regular intervals.
Reference analysis
Chemical analysis, physical properties and determination of the botanical origin using light microscopy was performed according to the German DIN-Norms (10751-10756,10758, 10759, Louveaux et al., 1970a , 1970b and the European Honey Commission (Bogdanov et al., 1997) . The sugar content was determined by HPLC, and moisture was measured using a refractometer. The determination of the amount of hydroxymethylfurfural (HMF), proline and the invertase activity was performed using a spectrophotometer. The free acids were measured by equivalence point titration.
Data analysis
All calculations were carried out using the Application Module of the software package provided by the manufacturer (Foss Electric Ft 120 Software Version 2. 1.3, 2000) . Calibration was performed by assigning the assessed spectra to the reference values and selection of the most reliable wavelength ranges (appendix). For exact description of the calculation procedure see Milkoscan FT 120 reference manual (Foss Electric, 2000) .
Since the absorption of infrared radiation is influenced by other compounds, partial least squares (PLS) regression is used for calibration which leads in this case to a more reliable calibration than the multiple linear regression (MLR).
After elimination of outliers, from the lowest cross validation error (CVE), the optimum number of factors was determined and the number of filters was reduced to a minimum to avoid an over fitting of the equations. The internal validation of the calibration was performed in 4 steps with 25% of the data not used for calibration.
Finally, the slope and intercept adjustment was performed during calibration procedure, which should often be repeated in order to ensure that the system is performing optimally.
Honey analysis using infrared spectroscopy 329 Parts of routine analysis measured samples were examined by standard methods. For statistical evaluations we used SAS (1998) to determine the coefficient of correlation, error probability, reproducibility and possible influences of environmental conditions.
RESULTS AND DISCUSSION
Calibration
The optimal number of filters and PLS factors in the regression equation lead to the lowest CVE and the highest coefficient of determination (R 2 ). In Table I the statistical parameters of the calibration models for honey analysis are shown. 25% of the analysed samples (n) were used for internal validation of the calibration.
The FT-IR instrument was not only calibrated to determine the chemical composition of honey (main sugar components, moisture, free acidity, proline, HMF and invertase) but also indirect parameters such as physical properties e.g. electrical conductivity and the pH with significant results. We obtained R 2 values between 0.8 and 0.98. The low R 2 for maltose was the result of the inaccuracy of the reference method for this sugar and will be improved.
The measurements can be adapted to seasonal and laboratorial differences by inclusion of additional samples for adjusting the calibration parameters.
Verification
After calibration, the precision of the FT-IR analysis during routine use was verified. Each sample was measured twice: 330 B. Lichtenberg-Kraag et al. Table II . Most of the parameters still have valuable correlation coefficients of more than 0.85 between the standard methods in honey analysis and the FT-IR determinations. The error probability of the correlation is highly significant (P < 0.001). Some of the data are presented in a scatter plot (Fig. 2) .
Sugars
The results for fructose and sucrose were better than expected from the calibration model. For some of the sugars that usually occur at less than 2%, the analysis is still problematic due to small variations of the concentrations in the sample set used for calibration.
Proline and invertase activity
The amount of the amino acid proline and the activity of the enzyme invertase show a good correlation for most of the honey samples (r = 0.96 and 0.92) but there were some cases where the determination of these parameters failed. Maybe factors that have not yet been identified, such as colour, consistency, or type of honey influenced the IR spectrum. We solved a comparable problem for the analysis of free acidity. The best calibration for all honey samples regardless of their consistency was obtained by calibrating free acidity with only those which were nearly white (sensory testing) and crystallized.
Hydroxymethylfurfural
The analysis of HMF, an indicator for improper storage, is still problematic. Since about 96.5% of the HMF-concentrations determined by the reference method according to Winkler (1955) were below 15 mg/kg some of the honey samples were heated. In spite of the promising calibration Honey analysis using infrared spectroscopy 331 for HMF (R 2 = 0.95) especially at higher concentrations it was not possible to obtain reliable results with the FT-IR.
It may be necessary to split the FT-IR analysis into two calibrations: one to determinate if the HMF-concentration below 15 mg/kg or higher and the other to determine the exact concentration under this critical level. Higher values have to be analysed by the standard method.
The standard procedure (Winkler, 1955) is based on the "Stenhouse" reaction that determines the amount of HMF in a colorimetric test. This reaction is influenced by other aldehydes which are found in honey at various levels. On the other hand, increasing the temperature increases not only the HMF levels but also the levels of other furfurals which also undergo the "Stenhouse" reaction (Wotton and Ryall, 1985) . There is no reliable method for determining HMF especially at higher concentrations and this is a possible explanation for problems with this calibration.
Moisture
Until now the quality of determination of moisture has been poor. One possible reason is that the area of extensive infrared absorption of water is omitted from the spectral scan and cannot be used for evaluation. Since the analysis of moisture is the simplest procedure in honey analysis and can be easily carried out by beekeepers themselves it is not necessary to be determined by FT-IR.
Repeatability
Other samples (n = 23, each measured four times) were used for evaluation of the repeatability (w, factor for reliability of repeated measurements). Values between 0.84 and 0.99 confirm the quality of the FT-IR determination of the main sugar Honey analysis using infrared spectroscopy 333 
CONCLUSIONS
Fourier transformed infrared spectroscopy is a useful tool in quality control of honey. We have chosen a half-automated equipment including a flow system because it was our aim to develop a routine method.
Since honey comes from different floral sources, it is a complex product with a broad diversity of components, colour and consistency. Due to this fact great demands are made on the methods of analysis. The samples used for calibration should represent the whole matrix of variations in the concentration of the components and honey types. For this reason we analysed more than 1600 samples of honey of different botanical origin. However, we used European standard methods for reference analysis, the FT-IR approach can also be adapted to other analytical standards and honey sources.
With FT-IR it is possible to measure all the calibrated quality criteria of a honey sample at the same time rapidly (about 2 minutes) with a minimum of sample preparation prior to analysis. Only a few chemicals are required, and there is no expensive waste disposal necessary.
Even indirect measurable physical parameters such as the pH and the electrical conductivity can be analysed.
The calibration for some "minor" sugars (present at less than 2%), moisture, proline, invertase and HMF (hydroxymethylfurfural) need to be improved to be more precise for all honeys independent of their origin and composition.
The diversity of components, colour and consistency of honey may influence the infrared spectrum and must be taken into account. Therefore we could not use standard spectra from a library but had to develop the optimal absorption wavelengths for each parameter during the calibration procedure.
Since FT-IR with our instrumentation is a rapid method developed for routine use, allowances should be made for some parameters, especially when the reference method is disputed with regard to its reliability (Wootton, 1985; White, 1994) . Accurate results from FT-IR are based on the quality of the reference analysis.
Other researchers (Cho and Hong, 1998; Ha et al., 1998; Quiu et al., 1999; García-Alvarez et al., 2000) have shown that near infrared spectroscopy could be method for honey analysis. They obtained similar results for the determination of the sugar components. Due to different statistical evaluations it is not possible to make exact comparisons. 
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